Non-viral vectors for gene therapy, although less efficient for gene delivery, offer several advantages over viral vectors. Non-viral vectors are particularly suitable with respect to simplicity of use and ease of large-scale production, and they are relatively inexpensive to produce, easier to quality control, and generate little or no specific immune response. Nonviral DNA delivery has also become a powerful and popular research tool for elucidating gene structure, regulation, and function. Various types of synthetic vectors such as cationic lipids and polymers have been developed for gene transfer with high transfection efficiency.
DNA/vector ratio, charge and size of complexes, [6] [7] [8] time of exposure, and interaction with serum and blood cells. 9, 10) As optimal conditions might well differ for different cell types, careful optimization is required to evaluate the efficacy and safety of vectors for the target cells and target organs. [11] [12] [13] [14] In this study, we compared the transfection efficiency and safety of commercially available non-viral vectors with a variety of human cells including primary cells, blood cell lines, and adherent cell lines. We also clarified important factors that affected the evaluation of these vectors. The transfection efficiency and cytotoxicity of all non-viral vectors used was dependent on the type of vector, vector concentration, presence of serum, and type of cell. These results also provided useful information for understanding the characteristics of each vector and selecting the most suitable vector for gene transfer into target cells.
MATERIALS AND METHODS

Cells
The human cultured cell lines and primary cells listed below were used. HeLa, 293, A-172, CCD-14Br, HuH-7, SBC-1, NB-1, K-562, HL60, U937 and IM-9 cells were obtained from the Health Science Research Resource Bank. Jurkat cell was obtained from the RIKEN cell bank. Human umbilical vein endothelial cells (HUVEC), human umbilical vein smooth muscle cells (HUVSMC), and human skin fibroblast cells (HSFB) from 10 donors were obtained from Technoclone (Wien, Austria). Human hepatocytes were purchased from Tissue Transformation Technologies (Edison, NJ). The media used for maintaining cells were as follows: Eagle's minimal essential medium (MEM) supplemented with 10% fetal calf serum (FCS) and non-essential amino acids (HeLa and CCD-14Br); Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS (A-172 and HuH-7); MEM supplemented with 10% FCS (293); 45% MEM and 45% RPMI1640 medium supplemented with 10% FCS (NB-1); RPMI1640 medium supplemented with 10% FCS (SBC-1, K-562, U937, HL60, IM-9 and Jurkat cells); and 199 medium supplemented with 20% FBS containing 5 U/ml of heparin and 15 mg/ml Endothelial Cell Growth Supplement (Technoclone) on collagen type I-coated dishes (HUVEC, HUVSMC and HSFB). In the case of human hepatocytes, frozen cells were thawed and plated on collagen-type-Icoated 96-well plates the day before the experiments in Hepatocyte Culture Medium (Clonetics Co., Walkersville, MD, U.S.A.).
Non-viral Vectors Six commercially available transfection reagents were used as non-viral vectors: Lipofectin, LipofectAMINE PLUS, and DMRIE-C (GIBCO-BRL, Gaithersburg, MD), SuperFect and Effectene (QIAGEN, Hilden, Germany), and DOTAP (Boehringer Mannheim, Mannheim, Germany). The composition of each of the vectors was as follows: Lipofectin 15) : 1 : 1 (w/w) liposome formulation of the cationic lipid N- [1-(2,3-dioleyloxy) propyl]-N,N,Ntrimethylammonium chloride (DOTMA) and dioleoyl phosphatidylethanolamine (DOPE) (1 mg/ml); LipofectAMINE PLUS: 3 : 1 (w/w) liposome formulation of the polycationic lipid 2,3-diolexyloxy-N-[2(Spermine carboxamido)ethyl]-N,N-dimethyl-1-propanammonium trifluoroacetate (DOSPA) and DOPE 2 mg/ml) with PLUS reagent for pre-complexing DNA; SuperFect 16) : cationic polymer polyamidoamine dendrimer (3 mg/ml); Effectene: 1 mg/ml non-liposomal lipid with DNA condensation reagent Enhancer (1 mg/ml); DMRIE-C 17) : 1 : 1 (mol/mol) liposome formulation of the cationic lipid DMRIE and cholesterol (2 mg/ml); DOTAP: liposome formulation of the cationic lipid N- [1-(2,3- . In the case of LipofectAMINE PLUS and Effectene, plasmid DNA (0.1 mg) was mixed with 1 ml of PLUS reagent and 0.8 ml of Enhancer reagent before being mixed with each vector, respectively. DNA, vectors and DNA condensation reagents were mixed in Opti-MEM I (GIBCO-BRL; Lipofectin, LipofectAMINE PLUS, SuperFect, DMRIE-C and DOTAP), or in buffer EC (Effectene) and were incubated for optimal times following the manufacturer's protocols to make the DNA/vector complexes. Opti-MEM I was then added to prepare 50 ml/well solution for each transfer.
Transfection Conditions Adherent cells were plated at a density of 5000 cells per well of a 96-well plate in growth medium the day before transfection and were cultured for 20-24 h. Cells were washed once with Opti-MEM I, and then 50 ml of Opti-MEM I with or without 20% FCS was added to each well. In the case of the blood cell lines (K-562, HL60, U937, Jurkat and IM-9), 25000 cells were suspended in 50 ml Opti-MEM I medium with or without 20% FCS and plated in each well of a 96-well plate just before transfection. DNA/vector complexes were then added to each well (50 ml/well) and incubated with cells for 1 h at 37°C. The supernatants were then removed and 100 ml of the growth medium of each cell were added to each well and cultured for an additional 24 h at 37°C in 5% CO 2 .
Reporter Gene Assay Transfection efficiency was measured by the expression of b-galactosidase reporter gene at 24 h post transfection. Cells were washed once with phosphate buffered saline (PBS), and b-galactosidase activity was quantified by the chemiluminescent reporter gene assay system Galacto-Star (Tropix Inc., Bedford, MA, U.S.A.) according to the instruction manual. The chemiluminescent of each cell lysate was read on the ARVO 1420 multilabel counter (Perkin Elmer, Boston, MA, U.S.A.). Galactosidase-luminescent activity was expressed as relative light units (RLU) per well of a 96-well plate.
X-Gal Staining Transfection efficiency was also monitored by a 5-bromo-4-chloro-3-indolyl-b-D-galactpyranoside (X-gal) staining assay at 24 h post-transfection. Cells were fixed with 1% glutaraldehyde for 10 min, washed twice with PBS, and stained with 1 mg/ml X-gal in a solution of 1 mM MgCl 2 , 5 mM K 3 Fe(CN) 6 , and 5 mM K 4 Fe(CN) 6 for 2 h to 24 h. The percentages of lacZ-positive cells were determined by counting at least 1000 cells by light microscopy.
Lactate Dehydrogenase (LDH) Assay The toxicity of the vector-DNA complexes to the cellular membrane was measured as the leakage of LDH from the cells. After incubation of the cells with DNA/vector complexes for 1 h, the supernatant of each well was transferred into another 96-well plate, and LDH activity was measured using a commercially available kit (LDH Cytotoxic Test Wako; WAKO, Osaka, Japan). Plates were read on a microplate reader EL340 (BIO-TEK Instruments, Winooski, VT) at a wavelength of 560 nm. Cell Viability Cytotoxicity was also assessed as cell viability using 4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt (WST-8), a novel tetrazolium salt, using a commercially available kit (TetraColor ONE cell proliferation assay system; Seikagaku Co., Tokyo, Japan). After 24 h of transfection, TetraColor ONE (10 ml) was added to each well and incubated for 4 h at 37°C. Plates were read on microplate reader EL340 using a wavelength of 450 nm in comparison with 630 nm. (Fig. 1) . In serum-free conditions, LipofectAMINE PLUS and Effectene showed strong gene expression compared to Lipofectin, SuperFect, DMRIE-C and DOTAP (Fig. 1A) . Galactosidase activity reached more than 200000 RLU/well. When gene expression was evaluated by X-gal staining, more than 30% of the cells were found to be positive for b-galactosidase activity by LipofectAMINE PLUS and Effectene (Table 1 ). The transfection efficiency of Effectene did not change even in the presence of 10% FCS, and gene expression by LipofectAMINE PLUS decreased to less than half of that under serum-free conditions.
RESULTS
HeLa Cells
The cytotoxic effects of DNA/vector complexes quantified by LDH assay are shown in Fig. 1B . The maximum cytotoxic effect was 9.6% when cells were incubated with DNA/SuperFect complexes (DNA: vector ratioϭ1 : 20) in serum-free conditions. The toxicity of transfection in other conditions and other vectors was not so significant, although a higher vector ratio caused higher toxicity.
The cytotoxic effects of gene transfer were also analyzed by determining cell viability at 24 h post-transfection using WST-8 assay (Fig. 1C) . In serum-free conditions, cell viability was decreased in a vector-ratio-dependent manner. Particularly in the case of SuperFect and Effectene, cell viability at the highest vector ratio (1 : 20) was decreased to below 50%. When gene transfer was performed in the presence of 10% FCS, the decrease of cell viability induced by LipofectA-MINE PLUS and SuperFect was repressed. However, strong damage to cell viability was still observed when Effectene was used for the gene transfer.
Human Primary Cells Primary cells are a useful tool for the evaluation of gene therapy vectors for human use. We tested the transfection efficiency and toxicity of each vector in human primary cells such as HUVEC, HUVSMC, HSFB and human hepatocytes (Fig. 2) . In the case of HUVEC cells, strong gene expressions were obtained with LipofectAMINE PLUS, SuperFect and Effectene when the transfection was done in the absence of serum (Fig. 2A) . The level of gene expression was close to those achieved in HeLa cells. In HU-VSMC and HSFB cells, though these vectors also caused higher gene expression than other vectors, the expression levels were only about 5-10% of those achieved in HUVEC cells. In these cells, the percentages of X-gal positive cells were very low (a few positive cells in a well) and the extent of staining was also weak (Table 1) . In these cells, serum strongly inhibited gene expression. In the case of hepatocytes, only Effectene successfully transferred genes both in the presence and absence of serum, and the level of gene expression was about 40% of that of HUVEC. Transfection efficiency was completely different among primary cells.
As for toxicity evaluated by cell viability, the differences among cells were very small and the dose-dependent cytotoxicity was similar to that in HeLa cells (Fig. 2B) . The toxicity of DNA/vector complexes evaluated by LDH assay was not highly significant in HUVEC, HUVSMC, and HSFB cells (Table 2) . On the other hand, in the case of human hepatocytes, 31.5% and 17.7% cytotoxicity was observed when transfection was done with SuperFect and Effectene (DNA: vector ratioϭ1 : 20), respectively.
Human Blood Cell Lines Blood cells are an important target for gene therapy and molecular biology. We examined the transfection efficiency and cytotoxicity of each nonviral vector for five types of typical cultured human blood cell lines: K-562 (erythroblastic leukemia), HL60 (acute promyelotic leukemia), U937 (monoblastic leukemia), Jurkat (T-lymphoma) and IM-9 (B-lymphoblasts) cells. Successful transfection in K-562 cells was achieved with LipofectA-MINE PLUS in serum-free conditions (Fig. 3A) . The same vector caused the highest gene expression in HL60 cells; however, the level of gene expression was only 1/300 of that obtained in K-562 cells. In U937, Jurkat, and IM-9 cells, although the most effective gene expression was achieved with SuperFect, LipofectAMINE PLUS or SuperFect, and Effectene, respectively, the levels of gene expression were 1/10 or lower than those of the K-562 cells transfected with LipofectAMINE PLUS. The transfection efficiencies of these conditions were reduced by the presence of 10% FCS.
The susceptibility of cultured blood cells to non-viral vectors was higher than that of HeLa cells and primary cells when the gene transfer was done in the absence of serum (Fig. 3B) . The highest DNA: vector ratio (1 : 20) caused remarkable damage to cells, and cell viability decreased below 10% in most cases. On the other hand, the toxicity of DNA/ vector complexes was strongly inhibited by the addition of serum during transfection. The LDH assay also demonstrated the high sensitivity of blood cell lines to the toxicity of nonviral vectors (Table 2) . Particularly, SuperFect in serum-free conditions showed the strongest toxicity. Human Cultured Cell Lines Finally, we studied the transfection efficiency and toxicity to human cultured cell lines commonly used for transfection experiments and to cells derived from major target organs of gene therapy. The selected cell lines were as follows: 293 (embryonic kidney cells), HuH-7 (hepatoma), CCD-14Br (bronchus fibroblast), SBC-1 (lung small cell carcinoma), A-172 (glioblastoma) and NB-1 (neuroblastoma) cells. In the absence of serum, 293 and HuH-7 cells showed strong gene expression with LipofectAMINE PLUS and Effectene (Fig. 4A) . In contrast, the gene expressions of CCD-14Br, SBC-1 and A-172 cells were 10-fold lower, and that of NB-1 cells was 100-fold lower than those obtained in 293 and HuH-7 cells. Effectene induced the best gene expression in these cells. Moreover, even in the presence of serum, Effectene induced gene expression at the same level as in serum-free conditions, although it showed strong cytotoxicity even in the presence of serum (Fig. 4B) . LDH assay revealed that NB-1 cells (by SuperFect) and HuH-7 cells (by Effectene) received more than 10% toxicity, although other cells and conditions demonstrated only weak toxicity (Table 2) .
DISCUSSION
In this study, we performed a comparative analysis of the transfection efficiency and cytotoxicity of six non-viral vectors for gene transfer to a wide range of human cells. The data clearly showed that the safety and efficiency of the gene transfer depended on the vector used. In serum-free conditions, LipofectAMINE PLUS, Effectene, and in some cases SuperFect elicited higher gene expression than Lipofectin, DMRIE-C, and DOTAP in many of the cell types tested. In the presence of 10% FCS, Effectene was the most efficient vector for most cells. LipofectAMINE PLUS contains a multivalent cationic lipid with 5 potentially charged amine groups. Polyamidoamine (PAMAM) dendrimers such as SuperFect are a class of highly branched polycationic polymers.
2) In contrast, Lipofectin, DMRIE-C and DOTAP are monovalent lipids. Our data corresponded with a report that found that multivalent lipids exhibited a higher transfection efficiency than monovalent lipid-containing liposomes. 18) LipofectAMINE PLUS and Effectene contain a DNA-compacting reagent in addition to cationic lipids, although their compositions are not avairable to the public. DNA compacting agents are reported to be effective for enhancing gene transfer and the acquisition of serum resistance. 19, 20) In addition to the difference in the charges of the vectors, the DNA compacting reagents used for transfection with Lipofect-AMINE PLUS and Effectene may play a major role in the high transfection efficiency of these vectors.
These results described here also revealed that the most effective vector varied depending on the cells, and that the level of gene expression also exhibited great differences among the cells. These findings suggest that the major factor that determined the level of gene expression was the cell type. Among the cells used in this study, HeLa, HUVEC, K-562, 293 and HuH-7 cells exhibited 10 to 100 times higher gene expression than did HL60, IM-9, HSFB and NB-1 cells. It has been found that cells with low plasmid uptake activity may demonstrate a low level of gene expression. 21) The efficiency of plasmid transport from the cytoplasm to the nucleus may be one of the reasons for the differences in the level of gene expression among cells. 22) Cell mitosis plays an important role in transgene expression that is delivered by non-viral vectors. [23] [24] [25] Differences in these cell characteristics might explain the differences in the level of gene expression among the cells observed in this study.
It is important to estimate the cytotoxicity of DNA/vector complexes in order to evaluate gene transfer vectors. We studied cytotoxicity using two assays, LDH assay and cell viability, and there were differences between these two assays. LDH assay is a method of measuring cell toxicity from the damage to cell membranes 26) and is used as a toxicity assay for gene therapy vectors. 27, 28) LDH assay was reported to be a sensitive assay in measuring the early damage to cell membranes. 28) However, in all conditions and all cells tested, the cytotoxic effect of gene transfer as assessed by cell viability at 24 h post-transfection was higher than that quantified by LDH assay at 1 h post-transfection. These results suggested that the cytotoxicity of DNA/vector complexes occurs not only through an acute toxic effect on the cell membrane but also through the uptake of DNA/vector complexes into cells and the following gene expression. Cytotoxic studies also demonstrated that blood cell lines and hepatocytes were more susceptible to DNA/vector-complex-mediated cytotoxicity than were other cells. Thus, careful optimization is required when these cells are chosen as target cells.
Many cationic non-viral vectors are known to be sensitive to serum. Our data showed that the transfection efficiency of the non-viral vectors tested is sensitive to serum except in the case of Effectene. In addition, the cytotoxicity of these vectors is also reduced by the addition of serum. In the case of Effectene, however, the transfection efficiency and cytotoxic effects were serum-independent. The inhibitory effect of serum on the transfection efficiency is a major obstacle for the in vivo use of non-viral vectors as DNA delivery systems. It has been reported that there is a discrepancy between optimal in vitro and in vivo transfection efficiencies, 29) and one of the reasons for this is the effect of serum. In order to evaluate gene therapy vectors for in vivo human use, it might be useful to examine the efficiency and safety of vectors in the presence of human serum.
Several reports have demonstrated the optimization of non-viral gene transfer to individual cells. [11] [12] [13] [14] However, there is no report that compares the effects of several commercially available vectors on a wide range of human cells. Our results clearly demonstrated the characteristics of each vector and cell tested, and provided useful information for the optimization of transfection conditions in order to minimize toxicity and maximize transgene expression.
